Introduction
============

Acute myeloid leukemia (AML) is a cancer of myeloid lineage of cells marked by accumulation of immature, abnormal hematopoietic cells. Poor prognosis, chemoresistance and relapse are frequent in AML patients.^[@bib1]^ Because conventional chemotherapies were frequently acutely toxic, nonselective and resulting in resistance, alternative therapeutic approaches with specific targeting capacities are needed to complement currently used chemotherapy protocols. Oncolytic adenoviruses, or conditionally replicating adenoviruses, represent a promising strategy for cancer therapy because of their lytic replication, efficient gene transfer and low pathogenicity.^[@bib2],\ [@bib3],\ [@bib4],\ [@bib5]^ The selectivity of oncolytic adenoviruses was achieved by controlling the expression of genes involved in viral replication with tumor-specific promoters,^[@bib6],\ [@bib7],\ [@bib8]^ or deletion of viral genes encoding proteins that help to complete the viral lytic cycle in normal cells.^[@bib9],\ [@bib10]^ Oncolytic adenoviruses armed with anticancer genes usually elicited significantly better therapeutic effects than viruses alone.^[@bib2]^ The most commonly used adenoviral vector in gene therapy is serotype 5 (Ad5), which uses coxsackie-adenovirus receptor (CAR) as the primary receptor for viral internalization.^[@bib11],\ [@bib12]^ However, leukemia cells only express low levels of CAR, resulting in resistance to Ad5 infection.^[@bib13]^ Previously, an oncolytic adenovirus with Ad5/F35 chimeric fibers efficiently infected leukemia cells through CD46 and elicited selective cytotoxicity both *in vitro* and *in vivo*.^[@bib14],\ [@bib15]^ These studies suggested that Ad5 oncolytic adenoviruses could be further engineered to retarget leukemia cells through cell surface molecules.

To date, a variety of cell surface molecules such as CD25,^[@bib16]^ CD32,^[@bib16]^ CD44,^[@bib17]^ CD47,^[@bib18],\ [@bib19]^ CD96,^[@bib20]^ CD123 (refs ^[@bib21],\ [@bib22],\ [@bib23]^) and C-type lectin-like molecule-1 (refs ^[@bib24],\ [@bib25]^) have been identified to be differentially expressed on AML blasts as well as leukemia stem cells, which initiate and sustain AML cellular hierarchy, as compared with their normal hematopoietic counterparts. CD123, the IL-3 receptor α-subunit that together with CD131 (βc) promotes cell survival and proliferation upon the binding of IL-3,^[@bib26]^ has been reported to be overexpressed on AML cells, including AML blasts, progenitors and leukemia stem cells, in comparison with hematopoietic stem cells.^[@bib22],\ [@bib23],\ [@bib27]^ Moreover, the overexpression of CD123 has been clinically correlated with a lower survival rate in AML patients.^[@bib28]^ Previously, IL-3 fused with diphtheria toxin has been shown to induce cytotoxicity to both AML leukemia stem cells and blasts.^[@bib29],\ [@bib30]^ More recently, a monoclonal antibody against CD123 impaired AML in mice by inhibiting the homing and self-renewal of AML LSC cells, as well as activating the host innate immune response.^[@bib31]^ Therefore, CD123 provides a promising cell surface target for AML patients with high CD123 expression.

We report here a novel strategy for oncolytic adenovirus-mediated AML therapy, in which oncolytic adenoviruses were genetically modified to carry a soluble CAR (sCAR)-IL3 expression cassette. This modification resulted in the expression of sCAR-IL3 in both packaging cells and leukemia cells, which subsequently decorated the viral fibers and redirected oncolytic adenoviruses to CD123+ leukemia cells. Moreover, the sCAR-IL3 expressing oncolytic adenoviruses were further armed with gene encoding manganese superoxide dismutase (MnSOD) or mannose-binding plant lectin *Pinellia pedatisecta* agglutinin (PPA), and achieved significant antileukemia effects both *in vitro* and *in vivo*.

Materials and methods
=====================

Cells
-----

Human leukemia cell lines HL60 and KG-1 were obtained from American Type Culture Collection (ATCC, Rockville, MD, USA). Cells were routinely cultured in RPMI1640 (Hyclone Laboratories, Logan, UT, USA) supplemented with 10% fetal bovine serum (Hyclone Laboratories). The human embryonic kidney cell line HEK293 was obtained from Microbix Biosystems (Toronto, ON, Canada) and cultured in Dulbecco\'s modified Eagle\'s medium (Gibco-BRL, Grand Island, NY, USA) supplemented with 10% fetal bovine serum. All cells were kept at 37 °C in a 95% air and 5% CO~2~ humidified incubator.

Preparation of recombinant proteins
-----------------------------------

The plasmid pET-28a-sCARL was constructed previously.^[@bib32]^ To obtain the fusion gene *sCAR-IL3*, the *IL-3* gene (GenBank accession number BC066272) without the leading sequence was amplified by polymerase chain reaction using the primers 5′-TCAGCGGCCGCCGCTCCCATGACCCAGACAACGT-3′ and 5′-TCAGCGGCCGCAAGCTTTCAAAAGATCGAGAGAAAGTC-3′ from a plasmid containing an *IL-3* gene (Wuhan Sanying Biotechnology Company, Wuhan, China). The 5′-TCAGCGGCCGCCGCTCCCATGACCCAGACAACGT-3′ and 5′-TCAGCGGCCGCAAGCTTTCACTGTTGAGCCTGCGCATT-3′ primers were used to clone a region encoding the IL-3 \[Δ125-133\]. The IL-3 \[Δ125-133, K116W\] was amplified with the primers 5′-TCAGCGGCCGCCGCTCCCATGACCCAGACAACGT-3′ and 5′-TCAGCGGCCGCAAGCTTTCACTGTTGAGCCTGCGCATTCTCAAGGGTCCACAGATAGAA-3′. The polymerase chain reaction products were then inserted into the pMD-18T simple vector to generate pMD-18T-IL3 variants, and the *Not*I--*Not*I fragments from pMD-18T-IL3 variants were inserted into the pET-28a-sCARL plasmid to generate plasmid pET-28a-sCAR-IL3. The sequences of sCAR-IL3 flanked by *Hind*III restriction sites were then amplified by polymerase chain reaction from pET-28a-sCAR-IL3 and inserted into the corresponding site of pQE30 (Qiagen, Hilden, Germany) to generate pQE30-sCAR-IL3. His-tagged sCAR-IL3 variants were expressed in *Escherichia coli* M15 transformed with pQE30-sCAR-IL3.

Construction of recombinant adenovirus vectors
----------------------------------------------

The plasmid pAd.sp-E1A was constructed previously.^[@bib8]^ The sCAR-IL3 expression cassette was inserted into pAd.sp-E1A to generate pAd.sp-E1A-sCAR-IL3. The *Nhe*I--*Ale*I region in plasmid pAd-ΔE1B-MnSOD or pAd-ΔE1B-PPA was replaced by the *Nhe*I--*Ale*I fragments from pAd.sp-E1A-sCAR-IL3 to generate pAd.sp-E1A-sCAR-IL3-ΔE1B-MnSOD or pAd.sp-E1A-sCAR-IL3-ΔE1B-PPA. Plasmids pAd.sp-E1A-sCAR-IL3, pAd.sp-E1A-sCAR-IL3-ΔE1B-MnSOD or pAd.sp-E1A-sCAR-IL3-ΔE1B-PPA were then co-transfected with an adenoviral packaging plasmid pBHGE3 (Microbix Biosystems) into HEK293 cells to produce oncolytic adenovirus Ad.sp-E1A-sCAR-IL3 (Ad.IL3), Ad.sp-E1A-sCAR-IL3-ΔE1B-MnSOD (Ad.IL3-MnSOD) and Ad.sp-E1A-sCAR-IL3-ΔE1B-PPA (Ad.IL3-PPA) through homologous recombination. The recombinant adenoviruses were isolated through plaque purification in HEK293 cells, and a large-scale purification of adenoviruses was performed through cesium chloride density gradient centrifugation. The viral titers were determined by TCID50 (median tissue culture infective dose) assay in HEK293 cells.

Cell viability assay
--------------------

Leukemia cells were plated on 96-well plates at 2 × 10^4^ per well. Cells were then infected with viruses at the indicated multiplicity of infections (MOIs). Phosphate-buffered saline (PBS) was used as a control. The cell viability was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.

For blocking assays, KG-1 cells were plated on 96-well plates at 2 × 10^4^ per well. Cells were then treated with Ad.IL3 at the indicated MOIs in combination with recombinant human IL-3Rα (R&D Systems, Minneapolis, MN, USA) at concentrations indicated. Cell viability was then determined by MTT assay after 96 h.

Western blotting analysis
-------------------------

The cell extracts were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and electroblotted onto nitrocellulose membranes. The membranes were then blocked with Tris-buffered saline and Tween-20 contaning 5% of bovine serum albumin at room temperature for 2 h and incubated with corresponding antibodies overnight at 4 °C. The membranes were washed and incubated with appropriate dilution of IRDye 800 donkey anti-mouse IgG or IRDye 700 donkey anti-rabbit IgG (LI-COR Inc., Lincoln, NA, USA) for 1 h at room temperature. After washing with Tris-buffered saline, the membranes were then analyzed by an Odyssey Infrared Imaging System (LI-COR Inc.). Rabbit anti-poly (ADP-ribose) polymerase antibody, goat anti-CAR antibody, mouse anti-6-his antibody were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA). Mouse anti-E1A antibody was purchased from Abcam (Cambridge, UK). Goat anti-hIL-3 antibody was purchased from R&D Systems. Rabbit anti-MnSOD antibody was purchased from Epitomics (Burlingame, CA, USA). Rabbit anti-GAPDH antibody, rabbit anti-Bcl-2 antibody, rabbit anti-Bax antibody, rabbit anti-caspase-7 antibody and rabbit anti-caspase-9 antibody were purchased from Cell Signaling Technology Inc. (Danvers, MA, USA).

Xenograft of leukemia cells into mice and *in vivo* treatment
-------------------------------------------------------------

Male nonobese diabetic/severe-combined immunodeficiency mice at 4--5 weeks of age were used for leukemia xenograft. HL-60/Luc cells at 6 × 10^6^ cells per mouse were injected subcutaneously into the mice on the back. When leukemia burdens reached about 1 × 10^5^ photons/s, mice were randomly grouped and *in situ* injected with 5 × 10^8^ plaque-forming units of oncolytic adenoviruses each time for totally four injections. Every 4--5 days after treatment, mice were injected with [D]{.smallcaps}-luciferin, and bioluminescence was recorded under a Caliper IVIS kinetics (Caliper Life Sciences, Hopkinton, MA, USA). Regions of interest were assigned through the IVIS software (Caliper Life Sciences) and reported as area flux (photons/s), defined by the radiance (photons/s/cm^2^/steradian). Mice from each group were humanely killed and tumors were harvested 7 days after treatment for transmission electronic microscope analysis under a JEOL 100CX transmission electron microscope (JEOL, Akishima, Japan).

Ethnic statement
----------------

All animal studies were approved by the Institutional Animal Care and Use Committee (IACUC) of Zhejiang Chinese Medical University, Zhejiang, China.

Statistical analysis
--------------------

Differences among the treatment groups were assessed by Student\'s *t*-test. *P*\<0.05 was considered significant.

Results
=======

Recombinant sCAR-IL3 variants increased Ad-EGFP infection of KG-1 leukemia cells
--------------------------------------------------------------------------------

Recombinant sCAR-IL3 variants contain a 6-his-tag, a human coxsackie-adenovirus receptor ectodomain (sCAR), a short flexible linker and IL-3 variants ([Figure 1a](#fig1){ref-type="fig"}). The IL-3 variants were designed based on a previous study that IL-3 \[K116W\] and IL-3 \[Δ125-133\] enhanced binding and cytotoxicity of diphtheria toxin-IL3 fusion proteins to leukemia cells.^[@bib33]^ Western blot analysis was performed to verify the production of these proteins. As shown in [Figure 1b](#fig1){ref-type="fig"}, the presence of the 6-his-tag, IL-3 and sCAR was detected. To test the activity of sCAR-IL3 variants, KG-1 cells showing 100% CD34+ and 82% CD123+ ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}) were treated with Ad-EGFP combined with sCAR-IL3 variants. As determined by both fluorescent microscopy ([Figure 1c](#fig1){ref-type="fig"}) and flow cytometry ([Figure 1d](#fig1){ref-type="fig"}), sCAR-IL3 variants significantly increased the Ad-EGFP infection of KG-1 cells. However, the infection of Ad-EGFP to K562 leukemia cells, which do not express CD123, was not altered by sCAR-IL3 variants ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). Furthermore, as shown in [Figure 1d](#fig1){ref-type="fig"}, sCAR-IL3 \[Δ125-133, K116W\] and sCAR-IL3 \[Δ125-133\] variants did not significantly increase the Ad-EGFP infection of KG-1 cells compared with sCAR-IL3 wild type.

Oncolytic adenoviruses carrying sCAR-IL3 expression cassettes efficiently infected KG-1 leukemia cells through CD123
--------------------------------------------------------------------------------------------------------------------

Owing to the relatively low activity of the recombinant sCAR-IL3 as shown in [Figure 1d](#fig1){ref-type="fig"}, we further engineered a previously reported oncolytic adenovirus Ad.sp-E1A^[@bib8]^ to harbor a cytomegalovirus promoter-controlled sCAR-IL3 \[Δ125-133, K116W\] expression cassette, forming a novel oncolytic adenovirus Ad.IL3 ([Figure 2a](#fig2){ref-type="fig"}). HEK293 cells hosting Ad.IL3 packaging were determined to express sCAR-IL3 ([Figure 2b](#fig2){ref-type="fig"}), indicating the expression of sCAR-IL3 in packaging cells, which could in turn noncovalently decorate the viral fibers during viral production. The infectious capability of Ad.IL3 to KG-1 cells was determined by western blot for viral E1A and sCAR-IL3 expression ([Figure 2c](#fig2){ref-type="fig"}). Using transmission electron microscopy, viral particles were detected in the cytoplasm and nucleus of KG-1 cells treated with Ad.IL3, but not Ad.sp-E1A and PBS ([Figure 2d](#fig2){ref-type="fig"}). Data indicated the successful infection of Ad.IL3 to KG-1 cells. To determine that Ad.IL3 infected KG-1 cells through CD123, a recombinant CD123 (rhIL-3Rα) was combined with Ad.IL3 to treat cells, followed by MTT assay for cell viability. As shown in [Figure 2e](#fig2){ref-type="fig"}, rhIL-3Rα significantly counteracted with the Ad.IL3-induced proliferation inhibition in a dose-dependent manner, indicating that Ad.IL3 used CD123 as the cell membrane receptor for efficient infection, and strongly suggested that sCAR-IL3 was decorated on the viral surface.

Ad.IL3 armed with anticancer genes elicited higher cytotoxicity to AML cell lines
---------------------------------------------------------------------------------

To further elevate the antiproliferative effect of Ad.IL3, viral E1B was further deleted from Ad.IL3, and the resulting restriction site was used to harbor anticancer genes, forming oncolytic adenovirus Ad.IL3-gene. The schematic structure of the viral genome of Ad.IL3-gene was shown in [Figure 3a](#fig3){ref-type="fig"}. Previously, oncolytic adenovirus armed with gene encoding MnSOD induced apoptosis in various solid tumor cell lines, and suppressed xenograft colon cancer growth *in vivo*.^[@bib34]^ However, the antileukemia effect of MnSOD has not been determined. Furthermore, we previously found that exogenous expression of mannose-binding plant lectin PPA through gene delivery induced cancer cell death by using the methylosome containing methylosome protein 50 and protein arginine methyltransferase 5 as a target.^[@bib35]^ The *in vivo* anticancer effect of *PPA* gene delivery remains unknown. Therefore, expression cassettes of MnSOD and PPA were inserted into Ad.IL3 to form Ad.IL3-MnSOD and Ad.IL3-PPA. KG-1 cells infected with Ad.IL3 or Ad.IL3-MnSOD were lysed, and the expression of MnSOD and sCAR-IL3 was examined by western blot analysis. As shown in [Figure 2b](#fig2){ref-type="fig"}, cells infected with Ad.IL3-MnSOD expressed a significantly higher level of MnSOD, as compared with Ad.IL3-treated cells, demonstrating that Ad.IL3-MnSOD successfully forced the expression of MnSOD. Data indicate that oncolytic adenovirus Ad.IL3-gene could deliver anticancer genes to leukemia cells through CD123.

Ad.IL3-PPA and Ad.IL3-MnSOD induced apoptosis in AML cells
----------------------------------------------------------

To evaluate the cytotoxic effect of Ad.IL3-gene, AML cell lines HL60 and KG-1 were treated with Ad.sp-E1A, Ad.IL3, Ad.IL3-PPA and Ad.IL3-MnSOD at MOIs indicated, as well as PBS control, followed by MTT assay. As shown in [Figures 3c and d](#fig3){ref-type="fig"}, Ad.IL3-PPA and Ad.IL3-MnSOD significantly suppressed HL60 and KG-1 *in vitro* proliferation, as compared with either Ad.sp-E1A or Ad.IL3. Furthermore, Ad.IL3 significantly induced an *in vitro* antiproliferative effect on KG-1, but not HL60. The suppressive effect of Ad.IL3, Ad.IL3-PPA and Ad.IL3-MnSOD showed dose-dependent manner. To investigate the mechanism of Ad.IL3-gene-induced cytotoxicity of leukemia cells, HL60 and KG-1 were treated with PBS, Ad.IL3, Ad.IL3-PPA or Ad.IL3-MnSOD, followed by staining with Annexin V-FITC and propidium iodide (PI), a common method for apoptotic cell detection, and analyzed under a flow cytometer. [Figure 3e](#fig3){ref-type="fig"} showed that Ad.IL3-PPA and Ad.IL3-MnSOD induced a significantly higher percent of Annexin V+/PI− and Annexin V+/PI+ cells, as compared with PBS, Ad.sp-E1A and Ad.IL3 treatments. Results indicate that Ad.IL3-PPA and Ad.IL3-MnSOD elevated apoptosis of HL60 and KG-1 leukemia cells.

To further analyze the apoptosis induced by Ad.IL3-PPA and Ad.IL3-MnSOD, HL60 or KG-1 cells treated with PBS, Ad.sp-E1A, Ad.IL3, Ad.IL3-PPA or Ad.IL3-MnSOD were lysed, and apoptotic signaling elements were investigated through western blot analysis. As shown in [Figure 3f](#fig3){ref-type="fig"}, Ad.IL3-MnSOD markedly induced cleavage of caspase-9 and -7, as well as poly (ADP-ribose) polymerase, a substrate for various caspases, indicating the activation of the caspase-9--caspase-7 pathway in HL60 cells by Ad.IL3-MnSOD. Ad.IL3-PPA infection increased the cleavage of caspase-9 and -7 in HL60 cells at a lower level than Ad.IL3-MnSOD. In addition, a significantly elevated level of Bax was shown in HL60 cells treated with Ad.IL3, which did not happen to either Ad.IL3-PPA or Ad.IL3-MnSOD. Furthermore, in KG-1 cells, both Ad.IL3 and Ad.IL3-MnSOD induced cleavage of caspase-7 and poly (ADP-ribose) polymerase, as compared with PBS and Ad.sp-E1A controls, and Ad.IL3-MnSOD showed much better effect than Ad.IL3. However, Ad.IL3-PPA did not significantly alter the cleavage of caspase-7 in KG-1 cells, suggesting a cell-type-dependent manner of the Ad.IL3-PPA-induced cytotoxicity. Our data also suggested that Ad.IL3-PPA possibly used some other intracellular factors to induce leukemia cell apoptosis.

The *in vivo* antileukemia effect of Ad.IL3-PPA and Ad.IL3-MnSOD
----------------------------------------------------------------

We then evaluated the *in vivo* antileukemia effect of oncolytic adenoviruses Ad.IL3-PPA and Ad.IL3-MnSOD. HL60/Luc cells stably expressing Firefly luciferase were engrafted subcutaneously into nonobese diabetic/severe-combined immunodeficiency mice and monitored for bioluminescence. At day 27 posttransplantation, HL60/Luc tumors started to grow rapidly. Mice were then grouped randomly and treated with Ad.IL3, Ad.IL3-PPA, Ad.IL3-MnSOD or control virus Ad.sp-E1A. Leukemia cell burden was monitored for each group (*n*=10) until disease-related death started. Because mice in Ad.sp-E1A group started to die very early, the leukemia cell burdens were only compared among Ad.IL3, Ad.IL3-PPA and Ad.IL3-MnSOD groups. The growth of HL60/Luc cells in nonobese diabetic/severe-combined immunodeficiency mice evaluated by bioluminescence imaging in each group was presented in [Figure 4a](#fig4){ref-type="fig"}. Data showed that Ad.IL3-PPA and Ad.IL3-MnSOD treatments delayed the growth of HL60/Luc xenografts in mice, as compared with Ad.IL3. At day 9 after treatment, both Ad.IL3-PPA and Ad.IL3-MnSOD led to lower cancer cell burden than Ad.IL3, and a significant difference was achieved between Ad.IL3 and Ad.IL3-PPA groups ([Figure 4b](#fig4){ref-type="fig"}). Transmission electronic microscope analysis detected typical cell apoptosis in mice treated with Ad.IL3, Ad.IL3-PPA or Ad.IL3-MnSOD, but not Ad.sp-E1A control ([Figure 4c](#fig4){ref-type="fig"}). Furthermore, Ad.IL3, Ad.IL3-PPA and Ad.IL3-MnSOD increased 16.8, 29.3 and 48.4% of median survival, respectively, as compared with Ad.sp-E1A. A significant difference was achieved between Ad.sp-E1A and Ad.IL3-MnSOD groups ([Figure 4d](#fig4){ref-type="fig"}). Our data demonstrated the *in vivo* antileukemia effect of Ad.IL3-gene oncolytic adenoviruses.

Discussion
==========

Viral infection is the first step for oncolytic adenoviruses to induce cancer cell death. However, because of low expression of CAR on leukemia cells, the entry of Ad5 into leukemia cells is difficult. We genetically inserted the sCAR-IL3 expression cassette into the viral genome of Ad.sp-E1A to form oncolytic adenovirus Ad.IL3. Our data suggested that sCAR-IL3 fusion protein could be expressed and presumably installed on viral surface during viral packaging, which led to successful infection of Ad.IL3 in leukemia cells though CD123. Previously, modifications of the oncolytic adenoviral fibers have focused on retargeting viruses through incorporating receptor-specific ligand peptides into the viral fibers,^[@bib36],\ [@bib37],\ [@bib38]^ or altering viral tropism through the replacement of the fiber knob alone or together with the shaft domain to form chimeric fibers.^[@bib14],\ [@bib39],\ [@bib40]^ A clinical study suggested that modification of adenoviral fiber knobs could circumvent the neutralizing antibody response in patients receiving multiple rounds of oncolytic adenoviruses.^[@bib41]^ In our strategy, Ad.IL3 was retargeted to CD123 through expressing sCAR-IL3 and presumably incorporating it noncovalently to the fiber surface, resulting in sustainable infection capability of Ad.IL3. The successful infection of Ad.IL3 to leukemia cells suggested that engineering oncolytic adenoviruses to express sCAR-ligand fusion proteins may provide a universal strategy to redirect oncolytic adenoviruses to a variety of membrane receptors on cancer cells resisting to Ad5 infection.

MnSOD is a nuclear DNA-encoded mitochondrial matrix protein catalyzing the conversion of superoxide radicals to hydrogen peroxide, thus eliminating the superoxide produced in the mitochondria.^[@bib42],\ [@bib43],\ [@bib44]^ Previous studies have demonstrated abnormal activity of MnSOD in tumor cells.^[@bib45],\ [@bib46]^ However, the role of MnSOD in the progression of different tumors is still controversial. MnSOD was shown promoting breast cancer metastasis and anoikis resistance,^[@bib47]^ as well as enhancing lung cancer cell invasion through upregulating FoxM1 and MMP2 expression.^[@bib48]^ On the other hand, overexpression of MnSOD was shown to inhibit cell proliferation or suppress malignant phenotype of pancreatic cancer cells,^[@bib49],\ [@bib50]^ breast cancer cells^[@bib51]^ and prostate cancer cells.^[@bib51],\ [@bib52]^ Furthermore, oncolytic adenovirus carrying gene encoding MnSOD was shown to significantly suppress colon cancer cell growth both *in vitro* and *in vivo* through activating the Bax--cytochrome *c*--caspase-9--caspase-3 apoptotic signaling pathway.^[@bib34]^ However, there are few studies addressing the therapeutic effect of MnSOD on leukemia. In our study, oncolytic adenovirus Ad.IL3-MnSOD successfully forced the expression of MnSOD in CD123+ leukemia cells, and induced cell apoptosis through caspase-9--caspase-7 pathway. Notably, the Ad.IL3-MnSOD infection resulted in an almost complete cleavage of full-length caspase-9 in HL60 cells, reflecting a high level of caspase-9 activation. In addition, Ad.IL3-MnSOD significantly induced apoptosis, and prolonged survival of mice engrafted with HL60 leukemia cells. These data indicate that MnSOD could be used as a leukemia suppressor gene, and oncolytic adenovirus Ad.IL3-MnSOD could be valuable for AML therapy pending clinical investigations.

Lectins have provided useful tools for analyzing glycofiles and biomarkers for a variety of cancer types, including ovarian cancer,^[@bib53]^ aggressive breast cancer,^[@bib54]^ liver cancer,^[@bib55]^ and pancreatic cancer.^[@bib56]^ Furthermore, some purified lectins such as *Maackia amurensis* seeds lectin,^[@bib57]^ concanavalin A^[@bib58]^ and *Polygonatum cyrtonema* lectin^[@bib59]^ have been shown to elicit anticancer effect through inducing apoptosis or autophagy. PPA is a monocot mannose-binding lectin accumulated in the tuber of *P. pedatisecta*, an *Araceae* species. Previously, we demonstrated that a recombinant PPA preferentially recognized drug-resistant leukemic K562/ADR cells and lung cancer H460/5Fu cells, as compared with their parental cell lines. Pretreatment with PPA significantly enhanced phagocytosis of K562/ADR cells by macrophages *in vivo*, and the cell membrane target of PPA on K562/ADR was determined to be sarcolemmal membrane-associated protein.^[@bib60]^ Meanwhile, we determined that PPA could be exogenously expressed in a variety of cancer cells through gene delivery, and subsequently induced cell death. Further investigations revealed that PPA translocated into the nucleus and colocalized with DNA. The methylosome that contains methylosome protein 50 and protein arginine methyltransferase 5 was demonstrated to mediate the PPA-induced cell death.^[@bib35]^ In this report, oncolytic adenovirus Ad.IL3-PPA significantly induced apoptosis in HL60 leukemia cells, and suppressed HL60 proliferation both *in vitro* and *in vivo*. The caspase-9--caspase-7 pathway was suggested to be responsible for the Ad.IL3-PPA-induced apoptosis in HL60 cells. Our study demonstrated for the first time that *PPA* could act as an antileukemia gene. Further preclinical and clinical studies may provide insights into using Ad.IL3-PPA as a novel agent in antileukemia therapies.

In general, we provided a novel strategy to redirect oncolytic adenoviruses to CD123+ AML cells though carrying a sCAR-IL3 expression cassette in the viral genome. Adenoviruses expressing sCAR-ligand may serve as a universal retargeting strategy to a variety of membrane receptors on cancer cells resisting to Ad5 infection. Furthermore, Ad.IL3 further armed with genes including *MnSOD* and *PPA* achieved significant antileukemia effects both *in vitro* and *in vivo*, although still not promising, pending further modification. Our data suggest that clinical investigation into the antileukemia effect of Ad.IL3-MnSOD and Ad.IL3-PPA may provide novel antileukemia agents for future AML therapies.
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![Fusion protein sCAR-IL3 variants facilitated Ad5 infection to KG-1 leukemia cells. (**a**) Schematic structure of the sCAR-IL3 fusion proteins. The recombinant protein consists of a 6-his-tag, an extracellular domain of CAR with 239 amino acids, a flexible linker (SASASASAPGS) and IL-3 variants (wild-type IL-3, IL-3 \[Δ125-133, K116W\] or IL-3 \[Δ125-133\]). (**b**) The production of recombinant sCAR-IL3 variants. The sCAR-IL3 variants were purified through an Ni-NTA-Sepharose column, and subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis followed by western blotting analysis with a goat anti-CAR antibody, a goat anti-hIL-3 antibody and a mouse anti-6-his antibody. (**c**) KG-1 cells at 2.5 × 10^5^ cells per well were treated with 4 × 10^8^ viral particles (v.p.) of Ad-EGFP premixed with 4 μg of sCAR-IL3w, sCAR-IL3 \[Δ125-133, K116W\] or sCAR-IL3 \[Δ125-133\]. Cells treated with Ad-EGFP added with PBS served as the control. After 2 days, green fluorescent protein (GFP)-positive cells were analyzed under a fluorescence microscope. Shown is a representative experiment from three separate experiments. (**d**) KG-1 cells were analyzed under a flow cytometer for the percent of GFP-positive cells. Values are expressed as mean±s.e.m. from six separate experiments (\**P*\<0.05).](bcj201415f1){#fig1}

![Characterization and production of oncolytic adenovirus Ad.IL3. (**a**) Schematic structure of wild-type adenovirus (wt-Ad), Ad.sp-E1A and Ad.IL3. As shown in Ad.sp-E1A and Ad.IL3, the viral E1A promoter was replaced by a human survivin promoter (hSurP). Ad.IL3 contains a sCAR-IL3 expression cassette. ITR, inverted terminal repeat; wt-P, wild-type promoter. (**b**) The expression of sCAR-IL3 in HEK293 cells during viral packaging was detected by western blot analysis with an anti-hIL-3 antibody. Actin was used as the loading control. (**c**) KG-1 cells were treated with Ad.sp-E1A, Ad.IL3 at 100 MOI for 72 h. The viral particles were observed under a transmission electron microscope ( × 17 500, bars=0.5 μm). (**d**) Analysis of E1A and sCAR-IL-3 expression in KG-1 cells infected by Ad.IL-3. KG-1 cells were treated with Ad.sp-E1A or Ad.IL3 at MOIs indicated for 72 h. Cell lysates were then subjected to western blot analysis with an anti-hIL-3 antibody or anti-E1A antibody. Actin was used as a loading control. (**e**) KG-1 cells were treated with Ad.IL3 combined with recombinant human IL-3Rα at dosages indicated. Cell viability was then determined by MTT assay after 96 h. Values were calculated as percent of PBS control and presented as mean±s.e.m. (\**P*\<0.05).](bcj201415f2){#fig2}

![The *in vitro* antiproliferative effect of Ad.IL3-gene. (**a**) Schematic structure of Ad.IL3-gene. Viral E1B was deleted (dE1B), and the resulting restriction site was used to harbor foreign genes. (**b**) The expression of MnSOD and sCAR-IL3 in cells infected with Ad.IL3-MnSOD. (**c**) HL60 cells or (**d**) KG-1 cells were treated with Ad.sp-E1A, Ad.IL3, Ad.IL3-MnSOD or Ad.IL3-PPA at MOIs indicated for 72 h. Cell viability was analyzed by MTT assay. Values were calculated as the percent of PBS control and presented as mean±s.e.m. (**e**) HL60 and KG-1 cells treated with 200 MOI of Ad.sp-E1A, Ad.IL3, Ad.IL3-MnSOD or Ad.IL3-PPA, as well as PBS for 72 h, and then stained with Annexin V-FITC and PI, followed by flow cytometry analysis. (**f**) HL60 or KG-1 cells treated with 200 MOI of Ad.sp-E1A, Ad.IL3, Ad.IL3-MnSOD or Ad.IL3-PPA, as well as PBS for 48 h. Cell lysates were examined for poly (ADP-ribose) polymerase, caspase-9, caspase-7, Bcl-2 and Bax through western blot analysis. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) served as the loading control.](bcj201415f3){#fig3}

![The *in vivo* antileukemia effect of Ad.IL3-gene. (**a**) Growth of HL60/Luc cells in mice treated with 2 × 10^9^ plaque-forming units of Ad.IL3, Ad.IL3-MnSOD or Ad.IL3-PPA was evaluated by bioluminescence imaging. Ten mice per group were treated and analyzed until disease-related death started. Each data point represents a measurement from an individual mouse. The mean values in each group were connected by lines. (**b**) Bioluminescence images of HL60/Luc engrafted mice from treatment groups indicated at day 9 after treatment were shown on the left. Quantitative analysis of total leukemia cell burden in mice (photons/s × 10^5^) was shown on the right (*P*\<0.05). Each data point represents a measurement from an individual mouse. (**c**) Apoptotic cells in mice treated with Ad.IL3, Ad.IL3-MnSOD or Ad.IL3-PPA were observed under TEM. Bars show 2 μm. (**d**) Survival of nonobese diabetic/severe-combined immunodeficiency mice engrafted with HL60/Luc cells and treated with Ad.sp-E1A, Ad.IL3, Ad.IL3-MnSOD or Ad.IL3-PPA. Only disease-related death was counted.](bcj201415f4){#fig4}
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